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ABSTRACT.
The Microwave Anisotropy Probe (MAP) and Planck Surveyor satellites
promise to provide accurate maps of the sky at a range of frequencies and
angular scales, from which it will be possible to extract estimates for cos-
mological parameters. But the real Universe is a nasty, messy place, full of
non-linear astrophysics. It is certainly clear that MAP and Planck will fix the
background cosmology at an unprecedented level. However, they will have
to contend with everything that the Universe throws at them: multiple fore-
grounds; structure formation effects; and other complications we haven’t even
thought of yet. Some examples of such effects will be presented.
Only an ideal, theorist’s universe can be described by a number of free param-
eters in the single digits, while in reality it is likely that a greater wealth of
information waits to be discovered. These ‘higher-order’ processes should be
considered as potentially measurable signals, rather than contaminants. The
capabilities of Planck seem ideally suited to fully understanding the physics
encoded in the microwave sky.
1 Introduction
The MAP and Planck satellite
missions clearly seem capable of re-
turning large quantities of interest-
ing cosmological data (some details
of the missions are discussed by
Charles Lawrence in these proceed-
ings). What I’d like to focus on here
is a consideration of some of the
real things which MAP and Planck
might be faced with. A couple of the
examples that I will discuss make
connection with recombination and
with large-scale structure, both men-
tioned in the title of this meeting.
There should be no doubt that
we will learn a great deal about
the values of fundamental cosmo-
logical parameters from Cosmic Mi-
crowave Background (CMB) satel-
lite missions. We have grown quite
used to seeing tables of parameter
uncertainties like the one below (Ta-
ble 1, taken from the Planck Low
Frequency Instrument – LFI – and
High Frequency Instrument – HFI –
proposals to ESA in February 1998,
and adapted from Bond, Efstathiou
& Tegmark 1997).
One thing to bear in mind is that
making such a table is an intellec-
tual exercise, rather than something
you should necessarily put money
on. First of all, the calculation de-
pends on the specific input model.
Secondly, it depends on the assump-
tion that current models are all (or
at least most) of the picture. Thirdly,
it uses some simplifying assumptions
about the residual effects of trying
to extract foregrounds. And lastly,
the experimental parameters may of
course turn out to be quite different
in practice. Nevertheless, construc-
tion of such tables is a valid way of
comparing the potential of different
experiments, and also can be a useful
tool in deciding among experimental
strategies.
Another related topic is that of
parameter degeneracies (discussed in
detail by Dan Eisenstein). There
will always be combinations of pa-
rameters that are much better con-
strained than the fundamental pa-
rameters themselves (which is why
Ωh2 appears in Table 1). For CMB
anisotropies, this is particularly true
of combinations that preserve ‘an-
gular diameter distance’. Recently it
seems to have become fashionable
to suggest that this presents some
sort of catastrophic problem for in-
terpreting the results of CMB exper-
iments. However, these degeneracies
are easily lifted by using CMB data
in association with other data sets.
In any case, it would be foolish to
view the CMB anisotropy data in iso-
lation. Polarization information will
also help break the degeneracies (see
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Table 1. Uncertainties in extracted cosmological parameters. The input model
was standard CDM, with the usual fiducial parameter values, e.g. h0 = 0.5.
65% of the sky was assumed to be foreground free, and polarization was not
used. Here h is the usual dimensionless Hubble parameter, the ΩX are the
density parameters in various components, n is the tilt of the initial condi-
tions, T/S is the tensor (gravity wave) contribution and τ is the optical depth
since reionization.
MAP Planck
Parameter LFI HFI
δh/h 0.11 0.06 0.02
δ(Ω0h2)/h20 0.10 0.04 0.02
δ(Ω2
Λ
)/h2
0
0.28 0.14 0.05
δ(Ωbh
2)/h2
0
0.05 0.016 0.006
δ(Ωνh2)/h20 0.05 0.04 0.02
δn 0.04 0.01 0.006
δ(T/S) 0.24 0.13 0.09
δτ 0.19 0.18 0.16
the contribution by Martin White),
particularly with the sensitivity of
Planck. But it will be the combi-
nation of CMB data, galaxy photo-
metric and redshift surveys, super-
nova searches, Lyα absorption stud-
ies, Big Bang nucleosynthesis, direct
measurements of Ω and H0, and all
the other information from astro-
physics, which will be most powerful.
Considering the real Universe
again, it must also be true that cos-
mological models are just models,
and that, in practice, things will be
more complicated. Even if we are ba-
sically on the right track with in-
flationary CDM models (and it ap-
pears that these models are in very
good shape at the moment), it is
probably conceited to imagine that
the Universe isn’t cleverer than to-
day’s smartest theorist. The best
current models have only around 7
free parameters of any consequence.
Chances are, a couple of the things
we thought might be relatively unim-
portant will turn out to be a much
bigger deal. And it also seems a safe
bet that there are a couple of impor-
tant bits of physics that no one has
thought of yet.
We can look at the power of satel-
lite experiments in a different way,
by asking how much information the
maps might contain, regardless of
the ultimately best model. The noise
power spectrum can be estimated,
given the experimental parameters
(sensitivity and beam-size for each
channel). The realism of this esti-
mate could be improved by including
effects from partial sky coverage, or
noise enhancement introduced when
removing foregrounds. But let us not
dwell on such details here, keeping
in mind that the experimentally de-
termined values may be quite dif-
ferent in any case. The basic raw
noise power spectra for MAP, LFI
and HFI are shown by the solid lines
in Figure 1. They cross the stan-
dard Cold Dark Matter power spec-
trum (to choose a specific example)
at the places shown; for this specific
calculation, the crossing points are
ℓ = 553, 1100 and 1738 for MAP,
LFI and HFI, respectively.
Now the total number of spherical
harmonic amplitudes (a.k.a. aℓm’s)
up to some maximum value of ℓ is
ℓmax∑
ℓ=2
+ℓ∑
m=−ℓ
= ℓmax(ℓmax + 2) − 3.
So the number of modes up to ℓmax
is roughly ℓ2max. This estimate can be
used to give a measure of the number
of modes with signal-to-noise greater
than unity, or the information con-
tent of the maps that will be pro-
duced.1 For MAP, LFI and HFI, us-
1 In more detail, many modes will be
measured with much higher signal-
to-noise, and in addition it will
be possible to obtain binned in-
formation on the power spectrum
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Figure 1. Estimated noise power spectra for MAP and the LFI and HFI
parts of Planck (solid lines). These are calculated using recent estimates for
the noise performance and beam-size at the various frequencies. The noise
spectra are essentially Cℓ = constant up to the beam-size, after which they
increase exponentially. Although these are only estimates of how well the
experiments might do, the cosmological power spectrum is, of course, much
less well known! The standard Cold Dark Matter, and an open CDM model
(as an example of a model with much more small-scale power) are illustrated.
ing the crossing points from Fig-
ure 1, the numbers obtained are ap-
proximately 300,000, 1,200,000 and
3,000,000.
What this exercise teaches us is
that, irrespective of the correctness
of any particular cosmological model,
or of the ultimate number of free pa-
rameters (and related issues), these
experiments are expected to yield ∼
106σ results. Obviously with some-
thing of the order of a million sigma
you will always be able to say a lot!
2 Foregrounds
The obvious complication for
satellite measurements of the back-
ground lies in extracting any fore-
even where the noise dominates. We
also haven’t worried about what
we mean exactly by signal-to-noise,
and whether this is per Cℓ rather
than per aℓm, i.e. we ignored cosmic
variance.
ground signals that might contami-
nate the signal. There are many and
varied possible foregrounds, but I re-
strict myself to some general points
here. At a crude level, all the current
evidence suggests that foregrounds
will not be very important. However,
at a detailed level, it is obviously im-
portant to extract them in order to
squeeze out the maximum cosmolog-
ical information.
The only real way to estimate the
effect of relevant foregrounds is to
measure them. And the only con-
fident way of removing them from
CMB maps is to fully characterise
them in the data set. There are three
ways to get at the foreground signals:
(i) spatial information, including cor-
relation with the structure of the
Galaxy and known sources, as well as
auto-correlation information (i.e. dif-
ferent power spectra than the pri-
mordial signal); (ii) different varia-
tion with frequency than the thermal
CMB fluctuations; and (iii) statistics
which are probably far from Gaus-
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sian.
To use these methods to dig out
the foregrounds will require the high-
est achievable sensitivity, full sky
coverage and the widest possible
range of frequencies. These are the
design drivers for both the MAP
and Planck missions. MAP has every
chance of being able to characterise
the important low frequency fore-
grounds at moderate angular scales.
Planck will be able to do this for high
frequencies as well, and at greater
angular resolution and sensitivity.
3 Other Effects
There are a great many possible
effects that could change the CMB
anisotropies compared with the cur-
rent best calculations (as discussed
by Naoshi Sugiyama at this confer-
ence). Some have already been de-
scribed by Hu et al. (1995) and in
a large number of other papers (see
also Mark Kamionkowski’s contribu-
tion). At the level of basic physics,
there are still some potential sur-
prises out there (see the next sec-
tion, as a case in point), and many
examples exist of effects that do
change the anisotropies if not in-
cluded properly, e.g. polarization, he-
lium abundance, precise CMB tem-
perature, precise physical constants,
etc. In addition, there are similar
things that have already been exam-
ined and which are probably not im-
portant, such as relativistic effects,
and scattering other than Comp-
ton/Thomson scattering at low red-
shift (e.g. Rayleigh and molecular
resonant scattering), and at high red-
shift (e.g. double Compton and the
like).
On the particle physics side, there
are issues like extra relativistic de-
grees of freedom, decaying parti-
cles, neutrino decoupling, massive
neutrinos, (not quite weakly) inter-
acting particles, warm dark matter,
primordial magnetic fields, non-zero
chemical potentials, non-trivial ini-
tial conditions (running spectral in-
dices, etc.), alternative theories of
gravity, topological defects, dynami-
cal fields, and probably a great many
other things besides. Which of these
might live in the same universe as us
is a matter of personal opinion!
Certainly the Real Universe con-
tains smallish scale objects at low
redshifts, and this fact gives rise
to a great many astrophysical ef-
fects. Some examples are reionization
(including ‘patchy’ reionization, and
quasar bubbles), thermal and kinetic
Sunyaev-Zel’dovich effects, the Rees-
Sciama
effect from non-linearly evolving po-
tentials, gravitational lensing, higher
order lensing and potential effects,
the Ostriker-Vishniac effect, possi-
ble mixed spectral-anisotropy scat-
tering effects, etc. Many of these ex-
amples lead to processing of the pri-
mordial CMB signal, particularly at
small angular scales, leading to po-
tentially measurable consequences. A
great deal of work has been done in-
vestigating some of these processes,
but almost no work on others. The
above lists should serve as an indica-
tion that potentially there are several
more things that haven’t even been
imagined yet. The two following ex-
amples illustrate areas that I have
been directly involved in studying,
and where there were indeed some
surprises.
4 Recombination
Figure 2 shows the cosmic recom-
bination calculation of Seager, Sas-
selov & Scott (in preparation). We
revisited the calculation (which has
changed little since the 1960’s), try-
ing to make as few approximations
as possible. This led us to consider
models of hydrogen atoms containing
up to 300 levels, and in addition de-
tailed modelling of helium, collisional
processes, molecular chemistry, and
many more nitty-gritty details than
we ever thought possible. The goal
was to make sure we could follow
the recombination history of the Uni-
verse accurately enough for calcula-
tions of CMB anisotropies at the 1%
level.
We found several minor improve-
ments to the traditional recombina-
tion calculations, as well as at least
two important ones. Firstly, careful
treatment of helium results in the
somewhat surprising conclusion that
He II recombines only just before hy-
drogen does (with almost no change
for He III recombination). Our new
calculation is shown by the solid line
in Figure 2, while the old calculation,
Evolution of Large Scale Structure / Garching August 1998
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Figure 2. New calculation of recom-
bination with the parameters of the
standard Cold Dark Matter model.
Here xe is defined as the ratio of free
electrons to hydrogen atoms, and so
the steps at higher redshifts are the
two recombinations of helium.
equivalent to Saha equilibrium, is the
dashed line.
The second thing is that, at low
redshifts, the upper levels in the hy-
drogen atom are not in equilibrium,
and are actually over-populated.
This leads to a lower ionization frac-
tion at low z’s than in the standard
calculation. From about z ∼ 800,
we see a lowering of xe by around
10% of its value (this is cosmology-
dependent). This difference is buried
around xe = 0 in the figure, but rep-
resents a non-trivial difference in the
optical depth back to these redshifts.
Figure 3 shows the effect of our
new calculation on the CMB power
spectrum. The two main effects con-
spire to have the same overall sign,
and both increase the anisotropies
a little, with an increasing rela-
tive amount at small angular scales.
The figure is explicitly for standard
CDM, and although the results vary
with cosmology, the same general
trend is seen. The y-axis on the plot
is the fractional change in the Cℓ’s,
normalized to have the same ini-
tial condition amplitude, or equiva-
lently the same matter power spec-
trum. The change is even bigger than
5% at the highest ℓ’s plotted here –
but of course the amplitude of the
power spectrum is actually quite low
at such small scales.
The physics behind the changes is
quite simple to understand. Firstly
the change in xe at low redshifts
Figure 3. Effect of the new cal-
culation on the CMB power spec-
trum, for the standard CDM model.
The solid line is the tempera-
ture anisotropy spectrum, while the
dashed line is for polarization.
leads to less suppression of the
anisotropies from the amount of scat-
tering in the low z tail of the vis-
ibility function. The change in op-
tical depth out to, say, z = 800 is
around a per cent or two. This leads
to less suppression of the anisotropies
at almost all multipoles (above ℓ’s
of several tens) by about twice this
amount, which is what we find. This
partial erasing of the anisotropies
is the sort of detailed effect that
doesn’t get discussed too much, even
if the experts have always been doing
it right. Now it would appear that
you have to be more careful about
what xe(z) you put in. We have also
found that it is possible to obtain
roughly the correct answer with sim-
pler methods than running code with
300 level hydrogen atoms.
The second effect is that the
change in the helium recombination
results in more scattering at high
redshifts, which, in turn, leads to a
change in the sound horizon scale.
The phases of the acoustic oscil-
lations depend on an integral over
the sound speed, which is different
now that we think there are more
free electrons at z ∼ 1500–2000.
The change in the Cℓ’s is basically
what you would get by assuming the
wrong sound horizon. Again, we find
that it is quite straightforward, in
hindsight, to adapt the old calcula-
tion to deal properly with helium.
Evolution of Large Scale Structure / Garching August 1998
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Figure 4. Summary of SCUBA
counts. The solid line is a two power
law model, which fits these data and
the sub-mm background fairly well.
The horizontal dashed line shows the
ultimate limiting resolution of the
Planck pixels at this frequency.
5 Sub-mm Point Sources
SCUBA (the Sub-
millimeter Common-User Bolometer
Array) is a sensitive camera now rou-
tinely detecting cosmological sources
at the James Clerk Maxwell Tele-
scope (Holland et al. 1998). In a
sense, it is the ‘Cosmic Dust Pan’,
since a combination of the prop-
erties of the sky and the galax-
ies themselves makes the SCUBA
850 µm filter ideal for studying dis-
tant dusty galaxies. This waveband
corresponds closely with the 353GHz
channel planned for Planck. Several
groups have now obtained estimates
of 850µm source counts at around a
few mJy, and it is fair to say that
there are many more sources than
originally anticipated. An immediate
question raised by these SCUBA ob-
servations concerns the implications
for Planck.
Figure 4 shows a summary of
the source count observations (see
Scott & White 1998 for references).
The solid line is a two power law
phenomenological model that passes
through the counts and also fits the
observed sub-mm background. The
horizontal line shows the equivalent
number of pixels (assuming there to
be 10 per FWHM at this frequency)
for Planck. Fluctuations in the num-
bers of these sources look like they
might be detectable by Planck.
In more detail, we can take
the model for the counts and cal-
culate the contribution to CMB
Figure 5. The Poisson component
of the angular power spectrum of
the point sources, in dimensionless
units, for a flux cut of 100mJy. To
compare with the level of primary
anisotropy expected, the prediction
for a standard CDM spectrum is also
shown, normalized to COBE. The
thick solid line is the expected con-
tribution to the power spectrum from
noise in the 353GHz channel of the
Planck HFI. The dashed line shows
one possibility for the power spec-
trum due to clustering of the sources.
anisotropies:
Cℓ(ν) =
∫
Scut
0
S2ν
dN
dSν
dSν
+wℓ
(
IFIBν
)2
,
assuming that all sources with
S>Scut are removed. Here, IFIBν =∫
S (dN/dS) dS is the background
contributed by sources below Scut.
The first term is the Poisson ‘shot-
noise’ term, and is plotted by the
curve labelled ‘Poisson’ in Figure 5.
In the second term, wℓ is the Leg-
endre transform of w(θ), the two-
point correlation function of the
sources. Essentially nothing is known
about the clustering properties of
the SCUBA galaxies. However, if we
assume that they are clustered as
strongly as Lyman break galaxies at
z ∼ 3, and that this extends out to
ℓ ∼ 100, then we obtain the curve
labelled ‘Clustered’ in the figure.
This Poisson cal-
culation made quite conservative as-
sumptions based on the present data.
There seems little doubt that Planck
will be able to detect this signal as
excess white noise. The clustering
signal plotted in Figure 5 may be
Evolution of Large Scale Structure / Garching August 1998
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somewhat optimistic, but it serves as
an example of how strong such a sig-
nal might be. At lower frequencies,
for example the 220GHz channel, the
contribution of these sources to the
anisotropy is greatly diminished, and
they are expected to be entirely neg-
ligible at still lower frequencies.
The bottom-line is that the sub-
mm sources revealed by SCUBA will
not have a strong impact on the most
important goal of the Planck mis-
sion, that of precisely characteris-
ing the CMB anisotropy. For the en-
tire Low Frequency Instrument, and
the three lowest frequency channels
of the HFI, there will be no sig-
nificant contribution from these dis-
tant galaxies. Certainly, the signals
in the higher frequency channels can
be used to remove point sources and
recover most of the CMB informa-
tion even at 353GHz. Moreover, the
possibility of actually measuring the
Poisson and clustering signals over
most of the sky for these galax-
ies provides Planck with yet another
way of tackling fundamental cosmo-
logical issues.
6 Conclusions
We now know a great deal
from the already detected CMB
anisotropies (see Lawrence, Scott &
White 1998 for a discussion that
grew out of this meeting). Certainly,
we will learn a great deal more from
future ground- and balloon-based ex-
periments. But the promise of the
satellite missions, MAP and Planck,
is nothing short of astonishing. Un-
doubtedly, we will find out a lot
about the Universe from the data
these satellites return. However, it
is important to remember that they
will be measuring the real sky, rather
than some theorist’s ideal one. This
means that, on the one hand, there
may be some complications lying
ahead of us, but on the other hand,
there may be much more exciting sci-
ence to be mined from these data-
sets than are currently in our mod-
els.
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